
The University of Manchester Research

A novel integrated system for sustainable generation of
hydrogen and liquid hydrocarbon fuels using the five-step
ZnSI thermochemical cycle, biogas upgrading process,
and solar collectors
DOI:
10.1016/j.jclepro.2021.127715

Document Version
Accepted author manuscript

Link to publication record in Manchester Research Explorer

Citation for published version (APA):
Ghorbani, B., Monajati Saharkhiz, M. H., & Li, J. (2021). A novel integrated system for sustainable generation of
hydrogen and liquid hydrocarbon fuels using the five-step ZnSI thermochemical cycle, biogas upgrading process,
and solar collectors. Journal of Cleaner Production, 127715. https://doi.org/10.1016/j.jclepro.2021.127715

Published in:
Journal of Cleaner Production

Citing this paper
Please note that where the full-text provided on Manchester Research Explorer is the Author Accepted Manuscript
or Proof version this may differ from the final Published version. If citing, it is advised that you check and use the
publisher's definitive version.

General rights
Copyright and moral rights for the publications made accessible in the Research Explorer are retained by the
authors and/or other copyright owners and it is a condition of accessing publications that users recognise and
abide by the legal requirements associated with these rights.

Takedown policy
If you believe that this document breaches copyright please refer to the University of Manchester’s Takedown
Procedures [http://man.ac.uk/04Y6Bo] or contact uml.scholarlycommunications@manchester.ac.uk providing
relevant details, so we can investigate your claim.

Download date:26. May. 2023

https://doi.org/10.1016/j.jclepro.2021.127715
https://research.manchester.ac.uk/en/publications/4b1040fa-0489-453a-a452-32c5e59868ae
https://doi.org/10.1016/j.jclepro.2021.127715


1 

 

A Novel Integrated System for Sustainable Generation of Hydrogen and Liquid 

Hydrocarbon Fuels Using the Five-Step ZnSI Thermochemical Cycle, Biogas 

Upgrading Process, and Solar Collectors  

Bahram Ghorbani1, Mohammad Hossein Monajati Saharkhiz2, Jie Li3 

1Faculty of Engineering Modern Technologies, Amol University of Special Modern Technologies, Amol, 

Iran 

2Faculty of Mechanical Engineering, Tarbiat Modares University, P.O. Box 14115-143, Tehran, Iran 

3Centre for Process Integration, Department of Chemical Engineering and Analytical Science, School of 

Engineering, The University of Manchester, Manchester, M13 9PL, UK 

ABSTRACT 

The utilization of renewable energy sources such as solar energy and biogas have recently 

received more attention due to a decline in fossil energy sources and environmental issues. A 

leading method for long-term renewable energies sources storage is to convert to fuels such as 

hydrogen and heavy value hydrocarbons. In this work, a novel integrated structure is developed 

for sustainable cogeneration of hydrogen and heavy liquid hydrocarbon fuels. This integrated 

structure consists of the zinc-sulfur-iodine thermochemical cycle, biogas treatment cycle, 

Fischer–Tropsch synthesis reactions, a carbon dioxide power generation, and solar dish 

collectors. It is demonstrated that this integrated structure produces 359.8 kmol/h hydrogen, 

116.8 kmol/h liquid fuels, 1,714 kmol/h carbon monoxide, and 289,149 kmol/h hot water. The 

thermal energy and exergy efficiencies of the integrated structure are 58.03% and 44.34%, 

respectively. The exergy analysis illustrates that exergy destruction mostly occurs in heat 

exchangers (36.67%), reactors (24.69%), and collectors (20.25%). The sensitivity analysis 

demonstrates that the absorbed useful energy and solar collector thermal efficiency decrease 

up to 9.7353 kW and 0.7751, respectively when the average operating wall temperature in each 

solar collector increases from 627 °C to 1127 °C. The thermal efficiency and productivity of 

the liquid fuels increase up to 0.63 and 383.6 kmol h–1, respectively with increase of carbon 

dioxide composition in the biogas from 40 mol% to 55 mol%. 

Keywords: ZnSI thermochemical cycle, Fischer–Tropsch synthesis, Biogas upgrading, 

Carbon dioxide power generation unit, Solar collectors 
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1. INTRODUCTION 

The excessive dependence of industrial societies on energy sources, rising living standards, 

and population growth have greatly raised the amount of energy consumption [1]. Given that 

underground resources are consumed at an extraordinary speed and will be depleted in the near 

future, the current generation needs to focus on energy sources that have a lot of life and power 

and expand knowledge to exploit them [2]. However, there is no coordination between energy 

demand and the available and controllable energy. Clearly, the known resources such as coal, 

oil, and gas cannot meet the future requirements, even if all these resources are available and 

extractable. The continuous use of fossil fuels, in the long run, will impose heavy economic 

costs due to environmental risks  such as an increase in carbon dioxide and global warming. 

Although nuclear power plants are being planned or under construction in many countries [3, 

4], the generation of nuclear waste has been a concern of industrial societies due to the 

discovery of radioactive materials in waste. The environmental disasters related to nuclear 

power plants' activities in the world are also very concerning. As a result, the use of renewable 

energy resources has received more attention due to their relatively fewer environmental 

impacts than fossil fuel and nuclear sources [5]. The recognition of the nature and process of 

forming the necessary interactions to exploit renewable energy sources should be prioritized.  

 A leading method of exploiting renewable sources is the conversion of them into fuels 

such as hydrogen and heavy value hydrocarbons.  One attractive route is the use of solar energy 

in the electrochemical cycle [6, 7] owing to the high potential of solar reactors and the high 

potential of hydrogen as a clean fuel instead of fossil and nuclear energies. For instance, Zhang 

et al. [8] developed three integrated thermochemical structures, namely open-loop zinc–sulfur–

iodine (ZnSI), five-step ZnSI, and electrochemical ZnSI. The developed structures generated 

0.5 mol/s hydrogen and 2.38 mol/s carbon monoxide. The energy efficiencies of the developed 

open-loop ZnSI, five-step ZnSI, and electrochemical ZnSI were found to be 40%, 44%, and 
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20%, respectively. Ying et al. [9] numerically investigated an electrochemical Bunsen reaction 

process in the electrolytic cell. The results showed that the rise in the inlet flow rate from 0.01 

m/s to 0.02 m/s had no significant effect on electrolysis, but led to a significant decline in the 

concentration of various species. Zhang et al. [10] examined a six-step ZnSI-cycle-based 

thermochemical cycle, which used alternative energy sources (i.e., solar energy) to dissociate 

carbon dioxide (CO2) and water (H2O). Thermal efficiency tests show that the maximum 

thermal efficiency of the cycle was 43.5%. Zhang et al. [11] designed an integrated hybrid of 

the ZnSI thermochemical unit. They concluded that the zinc iodide (ZnI2) decomposition ratio 

and hydrogen iodine (HI) concentration in zinc oxide (ZnO) - hydrogen iodine reaction had no 

significant impact on the entire system. Note that any rise in the ZnI2 decomposition ratio leads 

to an increase in thermal efficiency from 33% to 36%. Ying et al. [12] modeled a new SI cycle 

structure integrated with the electrochemical Bunsen reaction. High concentrations of sulfuric 

acid (H2SO4) and HI were observed in the electrochemical cell. The enhanced HI gas 

evaporated through the flash and then decomposed into 1 mol/s of H2 (at 50% decomposition 

ratio) in a hydrogen perm-selective membrane reactor. The post-flash concentrated 

H2SO4 decomposed into 0.5 mol/s of oxygen (O2). Thermal efficiency was calculated to be 

within the 42-50% range. Moreover, Ying et al. [13] studied the electrochemical kinetics of 

Bunsen in the SI cycle. The results revealed that any rise in the concentration of sulfur dioxide 

(SO2) (in the anolyte) and I2 (in the catholyte) would reduce the activation energy. The primary 

SO2 concentration of 1.509 mol/L and the I2/HI molar ratio of 0.5 were optimal. Kasahara et 

al. [14] investigated the iodine–sulfur (IS) cycle to produce hydrogen using heat (temperatures 

close to 1000 °C) from a nuclear reactor. According to the experimental parameters, the 

thermal efficiency was calculated to be 57%, while it was 34% according to the realistic 

parameters from the experimental data. Zhang et al. [15] investigated a closed-cycle thermo-

chemical iodine–sulfur process at a lab scale. The closed cycle produced 10 NL/hr hydrogen 

https://www.sciencedirect.com/topics/engineering/bunsen-reaction
https://www.sciencedirect.com/topics/engineering/perm-selective-membrane
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and 5 NL/hr oxygen after several stable operating hours. Platinum supported on activated 

carbon (Pt–AC) and copper chromite (CuCr2O4) was used as catalysts to decompose HI into 

H2-I2 and H2SO4 into SO2-O2-H2O, with the conversion of 20% and 75%, respectively. 

Furthermore, Zhu et al. [16] conducted a series of experiments to evaluate the separation 

characteristics of the liquid-liquid phase in the H2SO4/HI/I2/H2O quaternary solution created 

by Bunsen reaction to optimize the sulfur–iodine thermochemical cycle. Concentrated HI was 

obtained in the optimum temperature range (345-358 K) and a 2.45-3.99 molar ratio of 

I2/H2SO4. Zhu et al. [17] developed a thermochemical structure for H2O and CO2 splitting via 

a ZnSI cycle coupled with renewable energy sources as the source of high-temperature process 

heat. The maximum thermal efficiency was 43.5%. Ying et al. [18] numerically investigated 

the microscopic electrochemical reaction of Bunsen in the SI cycle. The outlet HI concentration 

varied from 6.4 to 6.78 mol/L. The results demonstrated that the electrical energy consumption 

rate increased from 9.1 to 227.9 W/m2 with a rise in density from 1 to 5 A/dm2. Moreover, 

Ahangar et al. [19] developed a five-stage ZnSI thermochemical system to produce hydrogen 

using solar collectors. 2.38 mol/s of carbon dioxide and 4.81 MW of heat from solar collectors 

were fed into the integrated system to produce 0.5 mol/s hydrogen, 2.38 mol/s carbon monoxide 

(CO), and 1.438 mol/s oxygen under the climatic condition of Yazd (Iran). The heat duty was 

3.86 MW and thermal efficiency was 26.46%. Although thermal integration in the 

thermochemical cycle was performed between heat exchangers, the thermal integration of the 

reactors used in the cycle was ignored. In addition, no decision was made to supply carbon 

dioxide to the thermochemical cycle and use it in the integrated structure. Ying et al. [20] 

physically modeled five configurations of flow channels to determine the effect of the flow 

channel on the electrolytic cell efficiency of the electrochemical Bunsen reaction. A direct 

parallel flow channel was found optimal due to the lower pressure drop and power 

consumption. Mehrpooya et al. [21] developed a novel SI process structure integrated with 
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organic Rankine cycle and solar dish collectors. HYSYS software and MATLAB programming 

were used to simulate the process. The results showed that thermal energy and exergy 

efficiencies of the integrated structure were 36.3% and 56.33%, respectively. Barbarossa et al. 

[22] investigated the SI process for hydrogen production by a water splitting reaction and 

discussed new experimental outcomes on the thermal dissociation of H2SO4. Each catalyst 

(Ag–Pd / PdO / Fe2O3) was found to reduce the onset temperature of H2SO4 dissociation from 

1173 K to 873 K. Ying et al. [23] studied the Bunsen reaction as a part of the SI thermochemical 

process using an electrochemical unit. The results showed that any rise in the current density 

increased the concentration of H2SO4 and HI. The electrode current efficiency remained close 

to 100% for most runs, except for those at high current density.  

 In a brief, the purpose of solar thermochemistry is to use solar radiation to produce fuels 

and chemicals that converts solar energy into portable and long-term energy storage carriers 

[24, 25]. The hybrid of thermochemical structures with other structures can be utilized to 

supply energy and fuel input to these cycles. If the process structures are designed separately, 

individual equipment must be provided to supply hot and cold utility and power, which 

increases the number of equipment and capital cost. On the other hand, part of heat is wasted 

in each structure [19], which increases the energy consumption of each structure. Therefore, 

the integration of thermochemical structures with input fuel supply units can reduce the number 

of equipment required and energy consumption compared to the case in which these structures 

are separate. For instance, the inlet heat of high-temperature heat exchangers and reactors 

employed in thermochemical cycles can be supplied with other exothermic units in the 

integrated structure. The Fischer-Tropsch synthesis used in gas-to-liquid (GTL) technologies 

is one such exothermic unit. Oxygen produced by thermochemical cycles can be utilized as an 

input fuel in GTL technologies. Carbon dioxide and natural gas entering the thermochemical 

cycles and GTL technologies can be supplied by other units, respectively. A method for 
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supplying carbon dioxide input to hydrogen production cycles by the thermochemical method 

is using biogas upgrading systems. Furthermore, the bio-methane produced from the biogas 

upgrading system can be used as the primary feed for GTL technologies. In the following, the 

integrated structures that use biogas upgrading systems and GTL technologies as subsystems 

are examined. 

 Biogas has more advantages than other renewable energies, including the continuous 

production of this type of energy source. The main constituents of biogas include methane (50-

70%), carbon dioxide (30-50%), and other compounds. To use biogas in chemical processes, 

the purity of methane production must first be increased, and impurities such as carbon dioxide, 

hydrogen sulfide, and water must be removed [26]. Moreno et al. [27] investigated a potential 

synergy between biogas upgrading and CO2 conversion into bio-methanol from a technical-

economic point of view. Bio-methane subsidies as feed-in tariffs were shown to be effective 

for the 500 and 1000 m3/h plant sizes. Hosseinipour et al. [28] studied the water scrubbing, 

cryogenic separation, amine scrubbing, and caustic wash biogas upgrading processes. The 

results revealed that, although the amine-scrubbing process consumes less power, the required 

hot utility was higher than other upgrading methods. The results also indicated that the water 

wash process was a simple and economic method that had acceptable separation efficiency, 

while the caustic wash was more efficient than other methods and its energy consumption was 

reasonable. Vilardi et al. [29] examined the energy and exergy of three biogas purification 

structures using membrane separation, amine scrubbing,  and water scrubbing. The results 

illustrated that the exergy efficiency of the water scrubbing, membrane separation, and amine 

scrubbing methods was 94.4%, 90.8%, and 91.1%, respectively.  

 In the GTL process, the change of natural gas from the gaseous phase to liquid products 

releases large amounts of energy. Furthermore, multiple hot and cold streams in this process 

have significant temperature differences. Therefore, the GTL process is highly energetic and 

https://www.sciencedirect.com/science/article/pii/S0956053X09003456
https://www.sciencedirect.com/science/article/pii/S0956053X09003456
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can generate excessive energy; it is even possible to establish a power plant next to it [30, 31]. 

Niaser et al. [32] investigated a hybrid system for the generation of power, freshwater, liquid 

fuels, and cooling using a Fischer–Tropsch process, steam power plant, desalination unit, and 

absorption refrigeration cycle. This integrated structure produced 22.33 MW power, 5.2 MW 

cooling, 16.83 kg/s desalinated water, and 3.756 kg /s liquid fuels. The total exergy and overall 

thermal efficiencies of the system were 79.53% and 51.9%, respectively. Niaser et al. [33] 

studied the absorption refrigeration cycle for pre-cooling of the natural gas liquefaction (LNG) 

cycle in an integrated superstructure to reduce the required energy. They investigated a 

superstructure for the cogeneration of LNG and liquid fuels using the Fischer-Tropsch process. 

The results showed that the highest amount of exergy destruction (28.99%) belonged to the 

compressor, whereas the lowest amount of exergy destruction (0.19%) was related to the gas 

turbine. The total thermal efficiency and specific power of the hybrid cycle were 90% and 

0.1988 kWh/kg (LNG), respectively. Ghorbani et al. [34] investigated an integrated cycle for 

the generation of power, liquid methanol, liquid fuels, and cooling using Kalina and Rankine 

power generation units, the Fischer-Tropsch process, alkaline electrolyzers, and the methanol 

production cycle. The energy and exergy efficiencies of the hybrid cycle were calculated to be 

74.21% and 76.41%, respectively.  

 Waste heat from exothermic systems is often incompletely used in integration with 

systems that require heat, and part of this heat loss is used in power generation cycles. It is 

selected based on the temperature characteristics of the current leaving the integrated structures 

of the power generation cycle [35]. Baak et al. [36] studied a transcritical CO2 gas turbine and 

supercritical CO2 gas turbine integrated with methanol steam reforming and a PEM fuel cell 

unit. The results illustrated that the use of waste heat in power generation cycles increased the 

energy and exergy efficiencies of the integrated units. Li et al. [37] proposed the cogeneration 

of heat and power cycle, containing a carbon dioxide power unit, an absorption refrigeration 
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system, and heaters for waste heat recovery of the gas turbine. The optimal parametric analysis 

results indicated that the exergy efficiency and levelized cost of exergy of the system were 

4.62% higher and 90% lower than that of partial heating power cycle and standalone power 

cycle, respectively. Mehrpooya et al. [38] used the waste heat of a molten carbonate fuel cell 

in the carbon dioxide power generation cycle. Thermal integration between the two structures 

increased electrical efficiency from 35% to 66%. If the waste heat in exothermic systems is not 

sufficient for use in units that need heat, solar collectors and auxiliary heaters can be applied. 

Abid et al. [39] developed two integrated cycles for the generation of power  and hydrogen by 

the CO2 power cycle and solar dish collectors. The results showed that the net power output of 

the assembled reheat recompression s-CO2 Brayton system was 3,177 kW, whereas, without 

an integrated reheat system, it had an almost 1,800 kW network output. Moreover, a 

comparison of integrated and non-integrated systems revealed that energy and exergy 

efficiency was improved by 11.6%, and the hydrogen production rate was increased by 0.055 

g/s in reheat-integrated systems. AlZahrani et al. [40] utilized a supercritical carbon dioxide 

cycle to convert the heat generated by parabolic trough collectors into power. Energy efficiency 

and exergy (PTC-based solar field) at the input temperature of 60 °C and output temperature 

of 395 °C were 66.35% and 38.51%, respectively. 

 So far, several hybrid systems have been assessed for the generation of hydrogen using 

thermochemical hydrogen production systems and solar collectors. Most of them used the 

thermal energy supplied by the solar collectors in heat exchangers and endothermic reactors. 

In addition to the input heat, a significant amount of carbon dioxide is also required to 

participate in reactions.  Moreover, the utilization of the large amount of oxygen produced  in 

the structures has been ignored. To the best of our knowledge, no hybrid system through 

integration of GTL technologies and thermochemical endothermic cycles for the cogeneration 

of liquid fuels and hydrogen using the biogas upgrading cycle has been developed. This 
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research aims to fill this knowledge gap and develop a novel integrated system for the 

cogeneration of hydrogen and liquid fuels using the ZnSI thermochemical cycle, biogas 

upgrading units, GTL technology, carbon dioxide power generation unit, and solar collectors. 

The biogas upgrading units are employed to supply carbon dioxide and natural gas in the hybrid 

structure. The oxygen produced in thermochemical cycles is used in GTL technologies. To 

supply the required power of the integrated cycle, the CO2 power generation cycle can be 

utilized by using the rest of the waste heat from the hybrid structure. The climatic conditions 

of Bushehr in Iran are utilized to simulate the inlet solar radiation to the solar dish collectors. 

The viability of the developed integration system is investigated through energy, exergy, and 

sensitivity analysis methods. It is shown that developed integrated structure produces 359.8 

kmol/h hydrogen, 116.8 kmol/h liquid fuels, 1,714 kmol/h carbon monoxide, and 289,149 

kmol/h hot water. The thermal energy and exergy efficiencies of the developed integrated 

structure obtained 58.03 % and 44.34 %.  

2. DESCRIPTION of the NOVEL INTEGRATED STRUCTUTURE 

Fig. 1 illustrates a block diagram  of the novel integrated structure developed for the generation 

of hydrogen, heavy hydrocarbon liquids fuels, carbon monoxide, and hot water, using the ZnSI 

thermochemical cycle, Fischer-Tropsch process, carbon dioxide power cycle, and solar 

collectors. The detailed process flow diagram of the subsystems in the developed novel cycle 

is depicted in Fig. 3. The overall process flowsheet of the integrated structure is displayed. 

Next, we will describe each subsystem in the cycle. 

Fig. 1 

Fig. 3 

Fig. 4 

2.1. ZnSI Five-Stage Thermochemical Cycle  

In this ZnSI five-stage thermochemical cycle, carbon dioxide and heat entering the 

thermochemical cycle are supplied from the biogas purification cycle and solar dish collectors 
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considering Bushehr's climatic conditions. While part of the heat needed by the 

thermochemical cycle is supplied from the waste heat of the GTL plant in the integrated 

structure, the rest is supplied from solar collectors. The five-stage thermochemical cycle 

consists of four subsystems including Bunsen system, H2SO4 system, HIx system and Zn 

system.  

Bunsen System 

The Bunsen subsystem includes three reactors (R101, R102, R103), two separators (SEP1, 

SEP2), six heat exchangers (HX7, HX8, HX9, HX10, HX12, HX17), and other components. 

The endothermic chemical reactions [see Eqs (1-3)] are performed in the R101 Bunsen reactor. 

Stream 16 generated from the R101 reactor contains compounds (HI-H2O-I2-O2-H2SO4). The 

product oxygen is separated from other compounds in the SEP1 separator. Then, the other 

compounds are distributed to streams 19 and 45 by the SEP13 separator, which then delivers 

them to the R102 and R103 reactors, respectively. Chemical reactions (2) and (3) occur in the 

R102 and R103 reactors, respectively. The products from the R102 and R103 reactors are 

introduced to the HI and H2SO4 systems, respectively.  

I2 + 2H2O + SO2 → 2HI + H2SO4 (1) 

2HI + H2SO4 →  I2 + 2H2O + SO2 (2) 

I2 + 2H2O + SO2 → 2HI + H2SO4 (3) 

H2SO4 System 

The H2SO4 section consists of a decomposition reactor (R104), two heat exchangers (HX11, 

HX13), and a flash drum (SEP14) to concentrate H2SO4. The concentrated H2SO4 and water 

from the SEP14 flash drum are heated by the HX13 heat exchanger to 849.85 °C. After heating, 

it enters the R104 decomposition reactor where chemical reaction (4) occurs. The output (H2O-

SO2-O2-H2SO4) compound of the reactor is first mixed with the bottom stream from the SEP14 

separator, then cooled to 84.85 °C, and returned to the Bunsen reactor. 
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2H2SO4 → 2SO2 + O2 + 2H2O (4) 

HI System 

This process includes an HI decomposition reactor (R105), a distillation column (T102), a 

pump (P1), and other equipment. P1 pump increases the pressure of stream 24 to 1170 kPa. 

Stream 26 enters the T102 distillation column; then, liquid phases are delivered to the SEP4 

separator from the condenser, and liquid phases return to the Bunsen section from the re-boiler. 

The outlet stream 34 from the SEP4 separator is cooled by the HX15 heat exchanger before 

entering the R105 decomposition reactor. Reaction (5) happens in this reactor. The product 

stream 28 from the reactor is divided into two streams 29 and 27. While stream 27 is recycled 

to the distillation column, stream 29 is the product hydrogen. 

2HI → H2 + I2 (5) 

Zn System 

Two reactors (R106, R107), six heat exchangers (HX1, HX2, HX3, HX4, HX5, HX6), and 

other components execute the procedure of the Zn system. Preheated CO2 and preheated ZnI2 

react based on chemical Eq (6) in the R107 reactor. The generated stream 2 consists of (I2-CO-

ZnO-ZnI2). I2 is separated in the SEP8 separator; subsequently, it is cooled to 84.85 °C and 

returns to the R101 reactor. The CO is also separated in the SEP8 separator to be a final product. 

Other compounds from SEP8 separator are cooled by the HX3 heat exchanger and then fed 

into the R106 reactor, together with an outlet stream from the HI section and water. In R106, 

chemical reaction (7) occurs. The preheated outlet water from the product stream of R106 is 

introduced to the Bunsen reactor. 

ZnI2 + CO2 → ZnO + CO + I2 (6) 

ZnO + 2HI → ZnI2 + H2O (7) 

2.2. Biogas Purification Cycle 
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Biogas containing 48.94 mol% carbon dioxide and 51.06 mol% methane enters the T100 

absorption tower in which amine is used as the solvent to remove carbon dioxide. The carbon 

dioxide separation unit from biogas consists of a T100 CO2 absorber and a T101 stripper. The 

carbon dioxide absorption tower comprises one typical distillation column without any side 

energy resource. Stream 61 as monoethanolamine (MEA) enters from the top of the T100 

carbon dioxide absorption tower, and biogas containing carbon dioxide enters from the bottom 

of the tower. The absorption process happens during a counter-contact between amine sorbent 

and biogas containing carbon dioxide. To regulate the carbon dioxide absorption tower and 

completely remove the dust remaining in gas, water flow (stream 61) enters from the top of the 

distillation column with low discharge for washing. The methane flow exists from the top of 

the absorption tower. Then, stream 62 enters the C4 compressor, HX19 heat exchanger, and 

SEP9 flash drum, respectively, to separate water from bio-methane. Bio-methane enters the 

cycles of producing liquid fuels. The stripper to revive T101 absorption consists of one 

distillation tower as well as a condenser (HX23 heat exchanger) and a reboiler (HX31 heat 

exchanger) to perform the process of revving the sorbent. 

2.3. Fischer-Tropsch Synthesis Process  

In the Fischer-Tropsch reactor, the following reactions are performed [41]: 

nCO + mH2 → {
C1 − C80

+ (Alkane) + nH2O

C1 − C80
+ (Alkane) + 0.5H2O

 (8) 

The GTL process is an indirect and two-stage process in which natural gas is converted into 

valuable products such as methanol, dimethyl ether, and other inter-distillation products, 

including gasoline and white oil. In the first stage, syngas is produced from bio-methane gas, 

water vapor, and oxygen in the R108 auto-thermal reforming reactor. In the second stage, 

syngas is converted into  heavy hydrocarbons via the Fischer-Tropsch reaction in the R109 

reactor. The reaction performed in the conversion reactor produces significant amounts of 
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water. Heavy hydrocarbons are separated in the SEP15 separator, and the produced water is 

separated in the SEP16 separator. A part of unreacted gases is returned to the input fuel mixer 

by a return stream and increases pressure as the input stream. The bio-methane and input 

oxygen to the GTL unit are supplied from the biogas purification cycle and the ZnSI 

thermochemical five-stage cycle. The gas primary substance phase change to liquid products 

demonstrates the release of considerable amounts of usable energy; therefore, this product is 

very exothermic. It can produce significant amounts of extra energy and side products when 

making a proper relationship among different process units. A part of the produced water flow 

by stream 96 enters the HX24 heat exchanger and is used as the input steam to the GTL cycle 

by increasing temperature. Water is rotating around a reactor inside a crust; the extra heat is 

used as a utility in the integrated structure. Fig. 4 displays this crust with the HX34 heat 

exchanger. The waste heat is used to supply GTL internal heat, a part of the ZnSI 

thermochemical five-stage cycle converters' utility, and carbon dioxide power production 

cycle. 

2.4. Carbon Dioxide Power Production Cycle  

A natural operating fluid used in power generation cycles is carbon dioxide, with features 

including ozone depletion potential (ODP), negligible global warming potential (GWP), low 

cost, and non-toxicity. The temperature of carbon dioxide increases to 780 °C by absorbing 

heat in the HX25 heat exchanger; the high-pressure and high-temperature flow (stream N5) 

enters the T1 turbine. The output stream from the turbine enters the HX26 and HX27 heat 

exchangers to recover energy and preheats the input stream to the boiler. Then, the output 

stream N5 from the HX27 heat exchanger is split with 66.39% entering the C7 and C5 

compressors to raise the pressure to 76.82 bar. Water flow is used as intermediate cooling in 

heat exchangers.  Next, the high-pressure liquid carbon dioxide stream enters the P4 pump 

under stream N10, and its pressure increases to 251 bar. The temperature of the output stream 
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from the P4 pump is raised to 349.8 °C in the HX27 heat exchanger after preheating; The 

remaining (i.e., 33.61%) of stream N5 enters the C6 compressor to increase the pressure to 

25,100 kPa. The output stream from the C6 compressor is mixed with the high-pressure and 

high temperature flow (stream N2) and enters the boiler after thermal recovery in the HX28 

heat exchanger. 

2.5. Solar Dish Collectors 

To supply the heat of the thermochemical cycle and stripper to revive the T101 absorption 

tower, solar dish collectors and auxiliary boilers are utilized based on the climatic conditions 

of Bushehr in Iran. Fig. 5 depicts the schematic diagram of a solar dish collector.  

Fig. 5 

 3. Methodology 

Fig. 2 depicts the systematic design method for the developed integrated structure. The design 

of integrated structures usually starts from the core of the process, such as reactors or separation 

towers, and continues with the design of heat exchanger networks and hot and cold utility 

supply units.  The three main parts for process design are completely interdependent, and any 

change or modification in the process core or network of heat exchangers changes the main 

design parameters. ASPEN PLUS is used to design and simulate the thermochemical cycle. 

ELECNRTL and SRK are property methods utilized in the simulation [19]. Information related 

to the simulation process and the thermochemical cycle equipment is extracted from reference 

[19]. The biogas purification cycle is simulated in Aspen HYSYS. The specific thermodynamic 

model as an amine model in Aspen HYSYS is adopted to simulate the amine unit. Kent-

Eisenberg's thermodynamic model is used to predict and calculate the existing equilibriums in 

the simulations. This thermodynamic model often has thermodynamic conditions required to 

simulate amine sorbents and their reactions by default. This thermodynamic model acts better 

for individual sorbents. The Fischer-Tropsch synthesis process and carbon dioxide power 
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production cycle are simulated in Aspen HYSYS. Peng-Robinson equation of state is applied 

to calculate the existing equilibriums in the Fischer-Tropsch synthesis process and carbon 

dioxide power production cycle. More theory and background information on the Fischer-

Tropsch synthesis process and carbon dioxide power production cycle can be found in the 

references [33, 42]. 

There are several assumptions that are made in the design and simulation as follows.  

(1) The conversion of SO2 in the endothermic chemical reactions is 100%.  

(2) The conversion of H2SO4 in the R104 decomposition reactor is 0.8. 

(3) The fractional conversion of HI in the R105 reactor is 0.21. 

(4) The CO2 fractional conversion in the R107 reactor is 1. 

(5) The pressure reduction in heat exchangers and flash drums is considered zero in the 

developed structure. 

(6) The conductive heat transfer in collector’s simulation is ignored compared to 

convection and radiation due to its negligible portion. 

TRNSYS software is used to calculate solar radiation at different hours of the day, and 

MATLAB m-file is applied to calculate the output results of solar dish collectors that track 

solar dish collectors considered in two solar axes with Bushehr climatic condition.  

The production power of a dish is obtained via Eq (9): 

𝑄𝑠 = 𝐼𝑠 ∙ 𝐴𝑎  (9) 

where Aa is the solar dish area and Qs is the direct radiation received by each collector from the 

sun. The total energy Qs cannot be completely received by an absorber due to its thermal 

efficiency. Qr is defined to denote the radiation energy received by an absorber and 0 to denote 

the thermal efficiency of the absorber. Then, we have: 

(10) 𝜂0 = 𝑄𝑟/𝑄𝑠 
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Moreover, 𝑄𝑙  is defined to denote the energy lost in an absorber. Subsequently, the energy 

actually generated by a dish (denoted as 𝑄𝑢) is calculated using Eq (11). 

𝑄𝑢 = 𝑄𝑟 − 𝑄𝑙  (11) 

The thermal efficiencies of a solar dish are obtained via Eqs (12) to (13): 

(12) 𝜂𝑟 = 𝑄𝑢/𝑄𝑟 

(13) 𝜂𝑐 = 𝑄𝑢/𝑄𝑠 

where r refers to absorber efficiency and c is thermal efficiency. 

The optical efficiency is calculated via Eq (14) [43]: 

(14) 𝜂0 = 𝜆𝜌𝜏𝛼𝛾 cos 𝜃 

Since solar dishes track the sun's movement during the day, the diffusion () equals zero. The 

total amount of energy lost in the absorber dish is considered in three parts: by the receiver 

through heat transfer conductivity (𝑄𝑙𝑘), convection (𝑄𝑙𝑐), and radiation (𝑄𝑙𝑟). The energy loss 

through heat transfer conductivity in the receiver is calculated using Eq (15): 

(15) 𝑄𝑙𝑐 = ℎ𝑐 ∙ 𝐴𝑤 ∙ (𝑇𝑤 − 𝑇𝑎) 

where ℎ𝑐 denotes the convection heat transfer coefficient and 𝐴𝑤 represents the cavity internal 

area of the receiver. 

The heat transfer coefficient (ℎ𝑐) is obtained via the following equations: 

(16) ℎ𝑐 = 𝑁𝑢𝑙 ∙ 𝐾/𝐿 

(17) 𝑁𝑢𝑙 = 0.106 ∙ 𝐺𝑟𝑙

1
3 ∙ (

𝑇𝑤

𝑇𝑎
)

0.18

∙ (4.256 ∙
𝐴𝑐

𝐴𝑤
)

𝑠

∙ ℎ(𝜑1) 

(18) 𝐺𝑟𝑙 = 𝑔 ∙ 𝛽 ∙ (𝑇𝑤/𝑇𝑎) ∙ 𝐿3/𝑣2 

(19) ℎ(𝜑1) = 1.1677 − 1.0762 ∙ 𝑠𝑖𝑛(𝜑1
0.8324) 

where 𝑁𝑢𝑙  is the Nusselt number; 𝐺𝑟𝑙  refers to the Grashof number; 𝑇𝑤  is the receiver 

temperature; 𝑇𝑎 represents the ambient temperature; 𝐴𝑤 shows the cavity internal area of the 

receiver; and 𝜑1 , 𝑣  and  𝛽  are latitude, kinematic viscosities of the ambient air, and the 
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coefficient of thermal expansion, respectively. These main parameters of solar dish 

characteristics are provided in Table 4.  

Table 4 

The radiated heat loss through the receiver aperture (𝑄𝑙𝑟 ) is calculated via the following 

equations. 

(20) 𝑄𝑙𝑟 = 𝐴𝑐 ∙ 𝜀𝑒𝑓𝑓 ∙ 𝜎 ∙ (𝑇𝑤
4 − 𝑇𝑎

4) 

(21) 𝜀𝑒𝑓𝑓 = 1/[1 + (
1

𝜀𝑐
− 1) ∙ 𝐴𝑐/𝐴𝑤] 

(22) 𝐴𝑐 = 𝐴𝑎/𝑐 

where 𝜀𝑒𝑓𝑓  is the effective infrared emittance of the cavity; 𝜎  refers to Stefan–Boltzmann 

constant; 𝑐 represents the geometrical concentration ratio; and 𝜀𝑐  denotes the cavity surface 

emittance.  

ENERGY ANALYSIS 

The energy balance equations for each piece of equipment used in the developed integrated 

structure are presented as follows considering the control volume:  

∑ �̇�𝑖𝑛

𝑖𝑛

ℎ𝑖𝑛 − ∑ �̇�𝑜𝑢𝑡

𝑜𝑢𝑡

ℎ𝑜𝑢𝑡 − �̇� = 0 (23) 

where 𝑚𝑖𝑛̇  and 𝑚𝑜𝑢𝑡̇  are the inlet and outlet mass flow rate, respectively; hin is the enthalpy 

input; hout refers to the output enthalpy; and �̇� and �̇� represent the work rate and the heat 

transfer rate, respectively.  

The energy balance equations for the heat exchangers employed in the integrated structure are 

considered as follows : 

�̇�𝑖𝑛,𝑖(ℎ𝑖𝑛1,𝑖 − ℎ𝑖𝑛2,𝑖) = �̇�𝑜𝑢𝑡,𝑖(ℎ𝑜𝑢𝑡1,𝑖 − ℎ𝑜𝑢𝑡2,𝑖) (24) 

𝑇𝑖𝑛1,𝑖 = 𝑇𝑜𝑢𝑡1,𝑖 + 𝛥 𝑇𝑖𝑛,𝐻𝑋𝑖 (25) 



18 

 

where Tin and Tout stand for the inlet and outlet temperature, respectively; and ΔT refers to the 

temperature difference. The energy balance equations for the pumps and compressors used in 

the integrated structure are provided below according to the isentropic efficiency:  

ℎ𝑜𝑢𝑡 =
ℎ𝑜𝑢𝑡

𝑆 − ℎ𝑖𝑛

𝜂𝑠
+ ℎ𝑖𝑛 (26) 

The energy balance equations for turbines used in the hybrid cycle are investigated by 

considering the control volume as follows: 

ℎ𝑜𝑢𝑡 = (ℎ𝑜𝑢𝑡
𝑆 − ℎ𝑖𝑛)𝜂𝑠 + ℎ𝑖𝑛 (27) 

By examining the energy balance and mass conservation for the mixers used in the integrated 

structure, the balance equation is defined as follows: 

ℎ𝑜𝑢𝑡 =
�̇�𝑖𝑛,1ℎ𝑖𝑛,1 + �̇�𝑖𝑛.2ℎ𝑖𝑛,2

�̇�𝑖𝑛,1 + �̇�𝑖𝑛,2
 (28) 

Considering the energy balance and mass conservation for flash drums and separators, the 

equilibrium equations are defined as follows:  

�̇�𝑖𝑛ℎ𝑖𝑛 = �̇�𝑜𝑢𝑡,1ℎ𝑜𝑢𝑡,1 + �̇�𝑜𝑢𝑡,2ℎ𝑜𝑢𝑡,2 (29) 

�̇�𝑖𝑛 = �̇�𝑜𝑢𝑡,1 + �̇�𝑜𝑢𝑡,2 (30) 

According to the first law of thermodynamics and the control volume for the throttle valves 

applied in the hybrid system, the energy balance equation is considered as follows: 

ℎ𝑖𝑛 = ℎ𝑜𝑢𝑡 (31) 

In the distillation tower,  the mass balance, equilibrium, summation, and heat balance equations 

are used [44]. These equations have already been implemented in the rigorous simulation of 

Aspen HYSYS. 

The thermal efficiency of the entire integrated structure is calculated using Eq (32): 

𝜂𝑇ℎ𝑒𝑟𝑚𝑎𝑙 =
�̇�𝐶𝑂𝐻𝐻𝑉𝐶𝑂 + �̇�𝐻2

𝐻𝐻𝑉𝐻2
+ �̇�𝐿𝐹𝐻𝐻𝑉𝐿𝐹 + 𝐸𝑛𝑒𝑟𝑔𝑦 𝑠𝑡𝑜𝑟𝑒𝑑 𝑖𝑛 ℎ𝑜𝑡 𝑤𝑎𝑡𝑒𝑟

�̇�𝑖𝑛𝑙𝑒𝑡 + �̇�𝑛𝑒𝑡 + �̇�𝐵𝑖𝑜𝑔𝑎𝑠𝐻𝐻𝑉𝐵𝑖𝑜𝑔𝑎𝑠

 (32) 
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EXERGY ANALYSIS  

Exergy analysis along with the first and second laws of thermodynamics makes it possible to 

find the optimal method for analyzing energy conversion systems and identifying energy levels 

and undesirable thermodynamic processes of energy systems [45]. In the exergy analysis, the 

irreversibility that increases the system wasted work is identified, and its impact on process 

efficiency is determined [46].  The exergy of a stream often includes physical exergy and 

chemical exergy: 

𝑒 = 𝑒𝑝ℎ + 𝑒𝑐ℎ (33) 

The physical exergy of a stream is defined as follows [47]: 

𝑒𝑝ℎ = (ℎ − ℎ𝑜) − 𝑇𝑜 ∙ (𝑠 − 𝑠𝑜) (34) 

where ℎ𝑜  and 𝑠𝑜  are the enthalpy and entropy of a stream at the standard temperature and 

pressure, in that order. The chemical exergy of a stream is defined as follows [48] : 

𝑒𝑐ℎ = ∑(𝑥𝑖𝑒𝑖
∘) + 𝑅𝑇∘ ∑ 𝑥𝑖 𝐿𝑛𝑥𝑖𝛾𝑖 = ∑(𝑥𝑖𝑒𝑖

∘) + 𝐺 − ∑ 𝑥𝑖 𝐺𝑖 (35) 

where 𝑥𝑖 is the mole fraction of component i in the mixture; G represents the Gibbs free energy 

of the stream; and Gi denotes the Gibbs free energy of component i at the ambient temperature 

and pressure. 

To analyze the exergy of the developed structures, the two parameters of exergy efficiency and 

exergy destruction for each of the equipment should be examined simultaneously. Exergy, like 

enthalpy and entropy, is a state function. In other words, changing it during a process equals 

primary and ultimate state exergy difference. The exergy balance for the equipment can be 

written as follows:  

𝐸𝑥𝑖 + 𝐸𝑥𝑄𝑖
= 𝐸𝑥𝑜 + 𝐸𝑥𝑄𝑜

+ 𝑊𝑠ℎ𝑎𝑓𝑡 + 𝐼 (36) 

where 𝐸𝑥𝑖 and 𝐸𝑥𝑜 stand for the input and output exergy, respectively; 𝐸𝑥𝑄𝑖
 and 𝐸𝑥𝑄𝑜

 refer to 

the exergy due to the inlet and outlet heat, respectively; 𝑊𝑠ℎ𝑎𝑓𝑡 is the shaft work; and 𝐼 denotes 
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the irreversibility in the system. 

4. RESULTS AND DISCUSSION 

4.1 Simulation and validation 

Tables 1 and 2 show the stream molar compositions in the developed integrated structure. Table 

3 presents the characteristics of streams used in the developed hybrid structure. Tables 5 and 6 

give the equipment specifications in the integrated structure. 

Table 3 

Table 5  

Table 6 

This integrated structure produces 359.8 kmol/h hydrogen, 116.8 kmol/h liquid fuels, 1,714 

kmol/h carbon monoxide, and 289,149 kmol/h consumable hot water by receiving 872.74 MW 

input heat and consuming 7.708 MW power. The total thermal efficiency of the developed 

integrated structure is 58.03%. The parts related to the five-step ZnSI thermochemical process 

and solar dish collectors are compared separately with the similar processes existing in the 

industry or resources reporting the process data, and its accuracy is validated. Tables 7 and 8 

show the characteristics of the streams and utilities of the five-step ZnSI thermochemical 

process developed in this study based on the integrated structure developed in reference [19]. 

The stream and equipment data in the five-step ZnSI thermochemical process are extracted 

from reference [19]. To utilize the five-step ZnSI thermochemical process in the integrated 

structure developed in this paper, its scale is increased to 200 times. The simulation results are 

in proper agreement with the reference paper.  

Fig. 6 illustrates the change in heat production relative to the inclination in the solar dish 

collector at 650  °C and 550  °C. The simulation results are reasonably consistent with both 

references [49, 50]. 

Table 7 
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Table 8 

Fig. 6 

Table 9 presents the comparative results of the CO2 power cycle between this study and 

reference [42]. This validation is performed based on the temperature conditions and mass flow 

rate of the working fluid in the CO2 power cycle developed in reference [42]. To apply the CO2 

power cycle in the integrated structure developed in this paper, the temperature conditions of 

the streams are modified. 

Table 9 

The exergy destruction in various equipment and heat exchangers used in the hybrid structure 

is provided in Fig. 7. Fig. 7 shows that the largest portion of exergy destruction belongs to the 

heat exchangers (i.e., 36.67%), reactors (24.69%), and solar collectors (20.25%).  

Fig. 7 

Fig. 8 displays the share of exergy destruction in the subsystems of the hybrid structure for the 

generation of hydrogen and liquid fuels. 

Fig. 8  

The results reveal that the five-step ZnSI thermochemical process (40.21%), solar dish 

collectors (20.25%), and biogas purification cycle using the amine scrubbing method (15.54%) 

have the most share in exergy destruction. To investigate the performance of different 

equipment in the integrated structure, the exergy destruction and efficiency of each equipment 

should be studied to enable the identification of some equipment of the process in which energy 

has not been used as effective work, and is wasted. After identifying this equipment, some 

approaches are suggested in the developed integrated structures to reduce dissipations and 

increase energy efficiency. Table 10 presents the characteristics of the equation applied for 

exergy analysis of the integrated structure. Table 11 shows the exergy analysis results of the 

equipment such as input, output, destructed exergy, and exergy efficiency. 
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Table 10 

Table 11 

Among the heat exchangers, HX13, HX39, and HX14 heat exchangers have the highest values 

with the exergy destruction of 58,740 kW, 24,700 kW, and 23,997 kW, respectively. If the 

exergy destructions of pumps and compressors increase, their power consumption also 

increases. Therefore, exergy destruction in compressors and turbines has to be minimized. 

Based on Fig. 9, the input, output, destructed exergy, and exergy efficiencies of the integrated 

structure are 1,047.8 MW, 464.5 MW, 538.2 MW, and 44.34%, respectively. 

Fig. 11 

4.2. Sensitivity Analysis 

The effects of important and influential parameters on the performance of the ZnSI 

thermochemical process, the biogas upgrading cycle, the Fischer-Tropsch process, the carbon 

dioxide power production cycle, and solar dish collectors are investigated via sensitivity 

analysis. This sensitivity analysis leads to a better understanding of the integrated path structure 

and, thus, the identification of an optimal point. Fig. 10 illustrates the profiles of ambient 

temperature, solar radiation, useful energy generated from the collectors, and auxiliary energy 

at different hours of the day (June 21). 

Fig. 10 

Based on Fig. 10, when the air temperature and the amount of solar radiation reach the highest 

level in the middle of the day in Bushehr, the heat absorbed by the working fluid in the solar 

dish receiver reaches the maximum value. As a result, the heat supplied by the auxiliary boiler 

reaches the lowest value. Fig. 11 depicts the Nusselt number based on length, absorbed useful 

energy, receiver thermal efficiency, solar collector thermal efficiency, the irradiative heat loss 

through the receiver aperture, and Grashof number in solar dish collector versus the average 

operating wall temperature. Based on Fig. 11, when the average operating wall temperature 
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increases, the values of Nusselt number, Grashof number, and the irradiative heat loss through 

the receiver aperture are raised according to Eqs (17-19). An increase in the average operating 

wall temperature also raises heat loss through the absorber according to Eq (9). As a result, the 

energy generated in each solar dish collector is decreased. On the other hand, a rise in the 

average operating wall temperature and heat loss through the absorber decreases receiver and 

collector efficiencies according to Eqs (11) and (12). 

Fig. 11 

Fig. 12 depicts the effect of CO2 molar fraction in biogas on the productivity of liquid fuels, 

CO2, oxygen and hydrogen, the thermal efficiency of the integrated structure, and the inlet heat 

to biogas purification cycle. Based on Fig. 12, a rise in the molar fraction of carbon dioxide in 

biogas increases the feed flow rate of carbon dioxide to the ZnSI thermochemical process and 

decreases the feed rate of bio-methane to the Fischer-Tropsch process. Increasing CO2 flow 

rate and inlet heat to the ZnSI thermochemical process raises the productivity of oxygen and 

hydrogen from the integrated structure. 

Fig. 12 

Moreover, by increasing the amount of the inlet oxygen and decreasing the amount of the bio-

methane in the Fischer-Tropsch synthesis process,  the amount of produced liquid fuels does 

not change uniformly. By raising the amount of carbon dioxide in the inlet biogas stream to the 

integrated structure from 40 mol% to 50 mol%, the productivity of the liquid fuels has an 

increasing trend and rises by 124.3 kmol/h. Then, by increasing the amount of carbon dioxide 

in the inlet biogas stream to the integrated structure from 50 mol% to 60 mol%, the liquid fuels 

produced decrease. The thermal efficiency of the integrated structure depends on the thermal 

values of the feeds and output products according to Eq (32). 
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The share of the higher heating value for liquid fuels in Eq (32) is higher than other parameters 

according to the results of calculations. As a result, changes in thermal efficiency relative to 

increasing the molar fraction of carbon dioxide in the inlet biogas to the integrated system are 

similar to variations in the liquid fuels produced. By increasing the molar fraction of carbon 

dioxide in the inlet biogas unit to the integrated system from 40 mol% to 55 mol%, the total 

heat efficiency has a rising trend and increases by 0.63. Then, by increasing the mole fraction 

of carbon dioxide in the inlet biogas stream to the integrated system from 55 mol% to 60 mol%, 

the liquid fuels produced decrease. 

5. CONCLUSIONS 

The global population increase, coupled with rising demands for energy, depleting 

underground fuel resources, and environmental pollution has directed the attention of many 

researchers to R&D activities focusing on alternative energy sources. In this paper, an 

integrated structure for the production of hydrogen, liquid fuels, carbon monoxide, and hot 

water is developed.  This integrated structure consists of the ZnSI thermochemical cycle, biogas 

treatment process, Fischer–Tropsch synthesis reactions in GTL technology, carbon dioxide 

power generation cycle, and solar dish collectors adapted for use in the climatic condition of 

Bushehr (Iran). The thermodynamic analysis, exergy and sensitivity analysis results of the 

developed integrated structure are presented as follows: 

1. Upon receiving 58.84 MW heat from solar dish collectors, the biogas treatment cycle 

produces 1,794 kmol/h bio-methane, and 1,721 kmol/h carbon dioxide. The produced carbon 

dioxide and 360 kmol/h of water are injected into the five-step ZnSI thermochemical cycle. 

Upon receiving 813.9 MW heat, this unit produces 359.8 kmol/h of hydrogen, 1,037 kmol/h of 

oxygen, and 1,714 kmol/h of carbon monoxide. The oxygen produced in the ZnSI 

thermochemical cycle, the bio-methane produced from the biogas treatment cycle, and the 
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water vapor produced from the recycle stream are introduced into the auto-thermal reactor to 

generate 8,518 kmol/h of syngas. The syngas generated in the Fischer–Tropsch reactor 

consumes 112.5 MW heat to produce 116.8 kmol/h of liquid fuels. Surplus waste heat is 

employed to supply the heat required to preheat the fuels fed into the reactor and boilers of the 

carbon dioxide power generation cycle. 

2. This integrated structure produces 359.8 kmol/h hydrogen, 116.8 kmol/h liquid fuels, 1,714 

kmol/h carbon monoxide, and 289,149 kmol/h hot water. The inlet heat and power 

consumption of the integrated structure are 872.74 MW and 7.708 MW, in that order. 

3. The thermal energy and exergy efficiencies of the hybrid system are 58.03% and 44.34%, 

respectively. Moreover, the exergy efficiency of the entire integrated system and its 

irreversibility ratio are respectively 44.34% and 583.2 MW. 

4. The exergy analysis of the integrated structure indicates that the highest exergy destruction 

(40.21%) occurs in the five-step ZnSI thermochemical cycle. The high exergy destruction in 

this subsystem of the integrated structure can be attributed to the high heat transfer rate in the 

heat exchangers and reactors. The highest exergy destruction in the integrated structure 

happens in heat exchangers (36.67%), which are found to be more efficient than other 

equipment. 

5. The simultaneous design of units reduces the number of required equipment and energy 

consumption through thermal integration and process integration.  Consequently, eliminating 

external utilities reduces the cost of equipment utilized in simultaneous production systems, 

but raises the production costs of controllable systems. The economic analysis of the developed 

integrated structure can be considered in future studies. Exergeoeconomic and advanced exergy 

analyses of the integrated structure can also be regarded as a future research direction. 

Acknowledgments 

The research work has been supported by a research grant from the Amol University of Special Modern 

Technologies, Amol, Iran. 



26 

 

 

 

Nomenclature    

e Specific flow exergy (kJ/kmol) ρ Density (kg/m3) 

ℎ𝑐 Convection heat transfer coefficient (W/m2. K) λ Lack of shadow 

h Specific enthalpy (kJ/kmol) Superscript  

I Dissipation lost exergy ph Physical 

C Concentration geometrical ratio ch Chemical 

𝐴𝑐 Surface area of receiver aperture (m2) eff Efficiency 

𝐴𝑎 Surface area of the concentrator (m2) sh Shaft 

ν Volumetric expansion coefficient of ambient air (1/K) HHV High heat value 

𝑄𝑢 Useful thermal power reached to receiver (kW) Abbreviations  

𝑄𝑟 Power reached to the receiver (kW) H2O Water 

𝑄𝑠 Power reached on the surface of the dish (kW) H2SO4 Sulfuric acid 

𝑄𝑙 Lost power in receiver (kW) H2 Hydrogen 

𝑄𝑙𝑟 Power lost from radiation heat transfer (kW) HI Hydrogen iodine 

𝑄𝑙𝑘 Power lost from conduction heat transfer (kW) LNG Liquefied natural gas 

𝑄𝑙𝑐  Power lost from convection heat transfer (kW) CO Carbon monoxide 

m  Mass flow rate (kgmol/s) CO2 Carbon dioxide 

𝐴𝑤  Area of the receiver inner cavity (m2) I2 Iodine 

G Gibbs O2 Oxygen 

𝑄 Heat (kW) SI Sulfur-Iodine 

Is Beam solar radiation (W/m2) ZnSI Zinc-Sulfur-Iodine 

𝑇𝑤 Receiver temperature (°C) Zn Zinc 

𝑇𝑎 Ambient temperature (°C) ZnI2 Zinc iodide 

L Diameter (m) ZnO Zinc oxide 

Ex Substances current exergy T Turbine 

𝐸𝑥𝑄 Energy current exergy P Pump 

x Mole fraction (-) HX Heat exchanger 

W Work (kW) C Compressor 

g Gravity acceleration (m/s2) Mix Mixer 

k Thermal conductivity (W/m K) SEP Separator 

R
 

Universal gas constant (8.314 kJ/kmol.°C ) T Tower 

s Specific entropy (kJ/kmol.°C) R Reactor 

𝐺𝑏1 
Grashof-number MEA Monoethanolamine 

Greek letters
 

 GTL Gas to liquid 

Σ
 

Sum 𝑁𝑢1 Nusselt number 

𝜀𝑐 Cavity surface emittance PTC Parabolic trough collector 

  Angle of diffusion ODP Ozone depletion potential 

  Efficiency GWP Global warming potential 

𝜑1 Tilt angle of cavity (Radian) Subscripts  

β Ambient air volume expansion coefficient (1/K) 0 Reference state 

σ Stefan-Boltzmann constant (5.67 × 10-8 W/m2 K4) O Concentrated optical, outlet 

γ Intercept factor r Receiver, radiation 

𝜂 Efficiency (%) c Collector, convection 

α Absorptance k Conduction 

τ
 

Transmittance i Inlet, component 



27 
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Fig. 1 Block diagram of the proposed integrated structure for generation of hydrogen, heavy 

hydrocarbon, carbon monoxide, and hot water 
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Fig. 2 Systematic design method of the developed integrated structure  
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Fig. 3 Process flow diagram of the subsystems in the developed novel cycle. 1 
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Fig. 4 Process flow diagram of the hybrid system developed in this study 
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Fig. 5 Schematic diagram of a solar dish collector used in the integrated structure 
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Fig. 6 The change in heat production relative to the inclination in the solar dish collector 
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(a) Exergy destruction of the various equipment 

 

 

(b) Exergy destruction in heat exchangers 

Fig. 7 Contribution of exergy degradation of the various equipment used in the integrated structure 
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Fig. 8 The share of exergy destruction of each the hybrid structure subsystems for the generation of 

hydrogen and liquid fuels 
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Fig. 9 Exergy destruction of each subsystem in the integrated structure 
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Fig. 10 Environment temperature, solar radiation, useful energy generated from collectors and 

auxiliary energy at different hours of a day (Jun 21). 
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Fig. 11 Changes in the design parameters of solar collectors compared to average operating wall 

temperature 

 

 

Fig. 12 The main parameters in the developed integrated system versus the molar fraction of 

carbon dioxide in the biogas 
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Table 1. Molar composition characteristics of integrated structure streams in the hybrid structure 

Stream HI H2O I2 SO2 O2 H2SO4 H2 CO CO2 ZNO ZNI2 

1 0 0 0 0 0 0 0 0 1 0 0 

2 0 0 0.2655 0 0 0 0 0.0293 0 0.0851 0.6200 

3 0 0 0 0 0 0 0 0 0 0.1207 0.8793 

5 0 0.0732 0 0 0 0 0 0 0 0 0.9268 

6 0 0 0 0 0 0 0 0 0 0 1 

8 0 0.9999 0 0 0 0 0 0 0 0.0001 0 

10 0 1 0 0 0 0 0 0 0 0 0 

12 0 0 1 0 0 0 0 0 0 0 0 

13 0 0 0 0 0 0 0 1 0 0 0 

16 0.1342 0.0677 0.7641 0 0.0026 0.03120 0 0 0 0 0 

17 0 0 0 1 0 0 0 0 0 0 0 

18 0.1345 0.0679 0.7662 0 0 0.03128 0 0 0 0 0 

19 0.1394 0.4713 0.8029 0 0 0.0105 0 0 0 0 0 

21 0.1120 0.0509 0.8301 0.0068 0 0 0 0 0 0 0 

22 0.1255 0.4057 0.4687 0 0 0 0 0 0 0 0 

26 0.1527 0.3912 0.4560 0 0 0 0 0 0 0 0 

27 0.8767 0.0066 0.1165 0 0 0 0 0 0 0 0 

28 0.7852 0.0059 0.1043 0 0 0 0.1044 0 0 0 0 

29 0 0 0 0 0 0 1 0 0 0 0 

31 0.9940 0.0060 0 0 0 0 0 0 0 0 0 

32 1  0 0 0 0 0 0 0 0 0 

35 0.9969 0.0031 0 0 0 0 0 0 0 0 0 

36 0.0786 0.4253 0.4960 0 0 0 0 0 0 0 0 

37 0 0.4697 0 0.3030 0.1515 0.0757 0 0 0 0 0 

38 0 0.3056 0 0 0 0.6944 0 0 0 0 0 

40 0 0.9998 0 0 0 0.0002 0 0 0 0 0 

41 0 0.8598 0 0 0 0.1402 0 0 0 0 0 

43 0 0.8497 0.0073 0.0045 0 0 0 0 0 0 0 

44 0.0089 0.8445 0.0029 0 0 0.1435 0 0 0 0 0 

46 0 0 0.6213 0.3786 0 0 0 0 0 0 0 

47 0 0.8236 0.0063 0.0987 0.0474 0.0238 0 0 0 0 0 

48 0 0.8321  0.0958 0.0479 0.0241 0 0 0 0 0 

Stream CO2 MEAmine Methane H2O 

Biogas 0.4894 0 0.5106 0 

52 0.0230 0.0430 0 0.9341 

55 0.0069 0.0442 0 0.9489 

59 0 0.0007 0 0.9993 

61 0 0 0 1 

62 0.0031 0 0.9411 0.0558 

68 0.0033 0 0.9933 0.0034 

77 0.0264 0.0038 0 0.9698 

79 0.5863 0 0.0003 0.4134 

73 0 0 0 1 

80 0 0 0 1 

N1 1 0 0 0 

N17 0 0 0 1 

A1 0 0 0 1 

A20 0 0 0 1 
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Table 2. Molar composition characteristics of streams used in gas to liquid process 

Stream 83 85 87 88 LP 90 91 

CH4 0.2227 0.0248 0 0 0 0 0 

C2H6 0.0126 0 0 0 0 0 0 

C3H8 0.0013 0 0 0 0 0 0 

C4H10 0.0001 0 0.0011 0.0002 0 0 0 

C5-C80
+ 0 0 0.0127 0.9884 1 0 0 

CO 0.1850 0.3068 0.2238 0.0012 0 0 0.4248 

CO2 0.1717 0.1440 0.2036 0.0039 0 0 0.3867 

O2 0.1580 0 0 0 0 0 0 

H2O 0.1580 0.1814 0.4595 0.0055 0 1 0 

N2 0.0843 0.0649 0.0918 0.0006 0 0 0.1743 

CH3OH 0.0041 0 0.0050 0.0001 0 0 0.0095 

C2H5OH 0.0012 0 0.0014 0.0001 0 0 0.0027 

C2H4 0 0 0.0011 0 0 0 0.0020 

H2 0 0.2781 0 0 0 0 0 
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Table 3. Characteristics of streams used in the developed integrated structure 

Stream 
Temperature 

(ºC) 

Pressure 

(kPa) 

Molar Flow 

(kmol/h) 
Stream 

Temperature 

(ºC) 

Pressure 

(kPa) 

Molar Flow 

(kmol/h) 

1 799.85 100.00 1,713.60 92 170.00 3,200.00 317.19 

2 799.85 100.00 8,323.02 93 170.00 3,200.00 2,854.73 

3 799.85 100.00 4,896.00 94 190.75 3,700.00 2,854.73 

4 39.85 100.00 4,896.00 95 170.00 3,200.00 1,733.29 

5 39.85 100.00 11,750.22 96 170.00 3,200.00 1,036.66 

6 39.85 100.00 4,895.82 97 104.79 120.00 1,733.29 

7 799.85 100.00 4,895.82 98 120.71 205.00 112,665.49 

8 39.85 100.00 6,854.27 99 121.00 205.00 112,665.49 

9 39.85 100.00 285.35 100 364.45 1,200.00 1,036.66 

10 39.85 100.00 1,713.56 101 26.00 1,200.00 1,036.66 

11 84.85 100.00 1,713.56 102 157.02 3,700.00 1,036.66 

12 799.85 100.00 1,713.60 A1 25.00 400.00 5,390.74 

13 799.85 100.00 1,713.60 A2 850.00 400.00 5,390.74 

14 84.85 100.00 1,713.60 A3 24.00 100.00 289,149.25 

15 84.85 100.00 360.00 A4 25.00 400.00 559.48 

16 84.85 100.00 101,774.07 A5 790.00 400.00 559.48 

17 39.85 100.00 1,260.00 A6 25.00 400.00 3,196.00 

18 84.85 100.00 100,737.41 A7 790.00 400.00 3,196.00 

19 84.85 100.00 82,080.44 A8 25.00 400.00 1,741.68 

20 99.85 100.00 82,080.44 A9 790.00 400.00 1,741.68 

21 99.85 100.00 83,340.44 A10 25.00 400.00 16,219.05 

22 99.85 100.00 82,080.44 A11 400.00 400.00 16,219.05 

23 99.85 100.00 1,260.00 A12 25.00 400.00 73.54 

24 26.85 100.00 82,080.44 A13 445.00 400.00 73.54 

25 27.39 1,170.00 82,080.44 A14 99.00 100.00 289,149.25 

26 42.45 1,170.00 85,168.08 A15 94.49 120.00 174,741.17 

27 449.85 1,170.00 7,778.05 A16 143.67 400.00 1,617.22 

28 449.85 1,170.00 3,447.51 A17 850.00 400.00 1,617.22 

29 449.85 1,170.00 359.82 A18 850.00 400.00 3,773.52 

30 450.43 100.00 359.82 A19 107.98 400.00 3,773.52 

31 449.85 1,170.00 3,447.51 A20 25.00 120.00 189,593.49 

32 12.70 100.00 3,426.84 A21 164.28 400.00 5,213.63 

33 40.58 1,170.00 3,426.84 A22 400.20 400.00 5,213.63 

34 40.58 1,170.00 3,447.51 A23 400.20 400.00 11,078.96 

35 40.58 1,170.00 6,855.35 A24 25.00 400.00 599.51 

36 197.76 1,170.00 78,293.73 A25 95.00 400.00 599.51 

37 849.85 100.00 7,787.00 A26 25.00 400.00 174,141.67 

38 849.85 100.00 3,732.23 A27 95.00 400.00 174,141.67 

39 137.05 100.00 3,732.23 A28 95.00 400.00 174,741.17 

40 137.05 100.00 14,787.42 A29 25.03 400.00 189,593.49 

41 137.00 100.00 18,519.65 A30 790.00 400.00 1,445.86 

42 129.85 100.00 18,519.65 A31 790.00 400.00 1,746.30 

43 129.85 100.00 18,740.65 A32 77.58 400.00 1,445.86 

44 129.85 100.00 18,656.97 A33 94.88 400.00 174,741.17 

45 84.85 100.00 18,656.97 A34 25.00 400.00 106,957.77 
46 129.85 100.00 221.00 A35 108.00 400.00 106,957.77 

47 407.86 100.00 21,850.62 A36 94.44 400.00 174,741.17 
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48 416.68 100.00 21,629.63 A37 98.68 400.00 112,171.40 

49 84.85 100.00 21,850.62 A38 133.74 400.00 112,171.40 

50 114.84 100.00 78,293.73 A39 143.67 400.00 123,250.36 

51 84.85 100.00 78,293.73 A40 104.81 120.00 3,773.52 

52 51.70 106.00 104,865.42 A41 104.81 120.00 1,617.22 

53 51.75 280.00 104,865.42 A42 327.57 100.00 1,934.02 

54 100.00 210.00 104,865.42 A43 478.45 400.00 1,934.02 

55 121.00 205.00 101,959.42 A44 790.00 400.00 1,934.02 

56 121.00 220.00 101,959.42 A45 91.70 400.00 123,250.36 

57 70.44 150.00 101,959.42 A46 200.55 400.00 1,746.30 

58 38.00 150.00 101,959.42 A47 790.00 400.00 563.32 

59 25.00 110.00 505.18 A48 104.81 120.00 1,746.30 

60 37.94 110.00 102,464.60 A49 104.76 120.00 189,593.49 

61 25.00 110.00 1,093.81 A50 790.00 400.00 370.98 

62 34.98 101.00 1,893.24 A51 790.00 400.00 1,370.70 

63 275.93 1,000.00 1,893.24 A52 131.81 400.00 370.98 

64 26.00 1,000.00 1,893.24 H2 39.85 100.00 359.82 

65 25.00 120.00 477.10 O2 25.00 100.00 1,036.66 

66 270.00 120.00 477.10 Biogas 43.00 140.00 3,491.25 

67 26.00 1,000.00 99.48 CO 39.85 100.00 1,713.60 

68 26.00 1,000.00 1793.76 Biomethane 155.60 3,700.00 1,793.76 

69 25.00 100.00 723,923.14 LP 170.00 3,200.00 116.82 

70 30.00 100.00 723,923.14 N1 75.75 25,110.00 935.29 

71 108.46 195.00 5,839.19 N2 349.79 25,100.00 935.29 

72 93.97 180.00 5,839.19 N3 348.17 25,100.00 1,408.78 

73 25.00 120.00 2,338.76 N4 471.14 25,090.00 1,408.78 

74 105.00 120.00 2,338.76 N5 780.00 25,090.00 1,408.78 

75 93.97 180.00 2,699.20 N6 498.59 2,386.00 1,408.78 

76 91.30 180.00 2,906.00 N7 361.30 2,376.00 1,408.78 

77 121.00 205.00 10,488.10 N8 85.00 2,366.00 1,408.78 

78 123.11 250.00 2,906.00 N9 85.00 2,366.00 473.49 

79 26.00 250.00 2,906.00 N10 344.96 25,100.00 473.49 

80 25.00 120.00 1,318.04 N11 85.00 2,366.00 935.29 

81 120.00 120.00 1,318.04 N12 31.90 2,356.00 935.29 

82 26.00 250.00 1,179.35 N13 78.93 4,055.00 935.29 

83 148.37 3,700.00 6,560.97 N14 31.90 4,045.00 935.29 

84 300.00 3,700.00 6,560.97 N15 89.45 7,692.00 935.29 

85 926.14 3,700.00 8,518.29 N16 30.80 7,682.00 935.29 

86 246.70 3,200.00 1,036.66 N17 25.00 100.00 20,043.29 

87 220.00 3,200.00 6,019.25 N18 30.00 90.00 20,043.29 
88 220.00 3,200.00 39.45 N19 25.00 100.00 5,647.15 

89 170.00 3,200.00 5,941.88 N20 30.00 90.00 5,647.15 

90 170.00 3,200.00 2,769.95 N21 25.00 100.00 5,552.28 

91 170.00 3,200.00 3,171.93 N22 30.00 90.00 5,552.28 
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Table 4. The main parameters of solar dishes [50] 

Parameter Symbol Value 

Area of each solar dish aA
 

12.56 
2m  

Non-shadow coefficient   0.99 

Dish surface reflection 
 0.94 

The resulting transfer absorption 

coefficient 
  0.9 

Absorbent penetration coefficient 
 0.99 

Absorbent length L 0.254 m 

Geometric density ratio C 3000 

Thermal conductivity of ambient air K 0.025 W/m k 

The internal area of the absorber cavity wA  0.0645
2m  

The slope angle of the cavity 1  𝜋/2 

The intensity of diffusion of the cavity 

surface 
𝜀𝑐 0.9 
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Table 5. Specifications of equipment operating conditions in the integrated structure for generation of 

hydrogen and liquid fuels  

Pump 

Parameter 
Adiabatic 

efficiency 
Power ΔP P ratio Pressure head Capacity 

Unit % kW kPa - m m3/h 

P1 85 1,174.9 1,070 11.7 31.725 11,683.63 

P2 75 131.9 174 2.642 16.93 2,047.1 

P3 75 12.01 15 1.073 1.613 2,161.5 

P4 85 452.1 17,428 3.269 3427 79.37 

P5 85 415 280 3.333 29.54 4,535.6 

Compressor 

Parameter 
Adiabatic 

efficiency 
Power ΔP P ratio Operating mode 

Outlet 

temperature 

Unit % kW kPa - - °C 

C1 75 575.4 500 1.156 Centrifugal 190.7 

C2 85 973.2 70 1.389 Centrifugal 123 

C3 75 2,665 2,700 3.7 Centrifugal 155.6 

C4 75 5,583 899 9.901 Centrifugal 275.9 

C5 85 424.4 3,647 1.902 Centrifugal 89.45 

C6 85 1,362 22,734 10.61 Centrifugal 345 

C7 85 395.2 1,699 1.721 Centrifugal 78.93 

C8 85 3,006 1,100 12 Centrifugal 364.4 

C9 85 1,110 2,500 3.083 Centrifugal 157 

Turbine 

Parameter 
Adiabatic 

efficiency 
Power ΔP P ratio 

Polytrophic 

efficiency 

Outlet 

temperature 

Unit % kW kPa - % °C 

T1 85 5,894 22,704 0.0951 82.19 498.6 

T2 75 2,992 300 0.25 71.845 327.6 

T3 85 1,687 280 0.3 84.377 104.8 

Heat Exchanger 

Parameter LMTD Heat duty UA Overall U 

Unit °C kW kJ/h.°C kJ/ h.m2. °C 

HX1 79.61 17,793.41 804,589.83 13,339 

HX2 12.17 11,281.6 3,334,614.6 55,283.37 

HX3 12.18 64,445.05 19,048,658.32 315,800.84 

HX4 58.68 72,205.39 4,429,542.34 73,435.78 

HX5 26.17 1,613.01 221,912.01 3,679 

HX6 27.73 35,119.74 4,559,138.08 75,584.3 

HX7 30.98 451.63 52,474.42 870 

HX8 17.39 83,305.26 17,242,792.03 285,862.04 

HX9 3.113 255,010.73 294,913,934.62 4,889,271.92 

HX10 9.929 176,775.06 64,093,163.41 1,062,577.47 

HX11 117.1 6,648.27 204,408.06 3,389 

HX12 25.64 257,261.93 36,117,787.78 598,783.79 

HX13 80.78 140,735.49 6,272,127.57 103,983.34 

HX14 24.48 185,923.27 27,345,792.88 453,356.05 

HX15 136.9 27,566.08 725,041.06 12,020.19 
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HX16 9.365 1,201.04 461,672.89 7,654 

HX17 8.937 877.91 353,623.65 5,863 

HX18 45.84 12,382.11 972,324.29 16,119.81 

HX19 2.772 6,960.45 9,040,468.35 149,878.66 

HX20 24.18 75,006.27 11,165,247.26 185,104.61 

HX21 19.83 123,108.16 22,354,368.03 370,605.01 

HX22 1.828 17,160.57 33,796,118.06 560,293.67 

HX23 22.01 30,364.29 4,967,171.82 82,348.95 

HX24 178.9 11,034.94 222,045.64 3,681 

HX25 8.585 6,726.22 2,820,386.23 46,758.16 

HX26 19.42 2,656.46 492,394.23 8,163 

HX27 10.34 4,955.31 1,725,805.27 28,611.5 

HX28 21.79 616 101,793.65 1,688 

HX29 20.02 626.53 112,663.14 1,868 

HX30 21.76 2,223.74 367,894.49 6,099 

HX31 60.69 58,848.99 3,490,516.79 57,868.02 

HX32 0.4922 453,737.38 3,318,449,178.73 55,015,373.97 

HX38 59.93 3,026.57 181,813.92 3,014 

Cooler 

Parameter Delta T Heat duty Outlet Molar Enthalpy 

Unit °C kW kJ/kmol 

HX33 -108.3 129,800 3,767 

HX34 -88.54 106,415 20,614.42 

HX35 -88.77 106,415 17,451.49 

HX36 -1.027 1,229 17,414.96 

HX37 -275.3 329,433 7,623 

Heater 

Parameter Delta T Heat duty Outlet Molar Enthalpy 

Unit °C kW kJ/kmol 

HX39 825 112,519 -210,680.07 

Reboiler 

Parameter Volume Diameter Length Heat duty 

Unit m3 m m kW 

Reb1 2 1.193 1.789 121,400 

Column 

Parameter Stages 
Tray 

Volume 
Diameter Tray/Packed Space Inlet Stage 

Unit - m3 m m - 

T100 18 176.7 15 1 2 

T101 17 50.27 8 1 3 

Parameter Stages Reboiler Heating Required Condenser Cooling Required Inlet Stage 

Unit - kW kW - 

H201 8 329,433 36,151 7.5 
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Table 6. Specifications of reactors used in the hybrid system for generation of hydrogen and liquid fuels 

Reactor 

Fractional 

Conversion of 

Component 

Pressure Temperature Type Parameter 

- kPa °C - Unit 

100% CO2 100 84.85 Stoic R101 

100% H2SO4 100 99.85 Stoic R102 

100% HI 100 129.85 Stoic R103 

80% H2SO4 100 849.85 Stoic R104 

21% HI 1,170 449.85 Stoic R105 

100% HI 100 39.85 Stoic R106 

100% CO2 100 799.85 Stoic R107 

- 3,700 926.1 Gibbs R108 

- 3,200 220.0 Conversion R109 
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Table 7. Validation of system developed for the ZnSI thermochemical process in this paper with reference 

[19] 

Composition 

Current study 

(Base cycle) 

Ahangar et al. 

[19] 

Current study 

(Base cycle) 
Ahangar et al. 

[19] 

Mole fraction of 

Stream 16 

Mole fraction of 

Stream 102 

Mole fraction 

of Stream 43 

Mole fraction 

of Stream 108 

HI 0.1276 0.1288 0 0 

H2O 0.4572 0.462 0.8497 0.8495 

𝑰𝟐 0.3662 0.3700 0.0073 0.0072 

𝑺𝑶𝟐 0.0000 0.0000 0.0044 0.0044 

𝑶𝟐 0.0000 0.0000 0.0000 0.0000 

H2SO4 0.0386 0.0390 0.1384 0.1386 

Composition 

Current study 
Ahangar et al. 

[19] 
Current study 

Ahangar et al. 

[19] 

Mole fraction of 

Stream 26 

Mole fraction of 

Stream 202 

Mole fraction 

of Stream 28 

Mole fraction 

of Stream 206 

HI 0.1527 0.1527 0.7852 0.7899 

H2O 0.3912 0.3910 0.0059 0.006 

I2 0.4560 0.4561 0.1043 0.1050 

H2 0.0000 0.0000 0.1043 0.1050 

Composition 

Current study 
Ahangar et al. 

[19] 
Current study 

Ahangar et al. 

[19] 

Mole fraction of 

Stream 41 

Mole fraction of 

Stream 301A 

Mole fraction 

of Stream 37 

Mole fraction 

of Stream 304 

H2O 0.8598 0.8596 0.4697 0.4700 

SO2 0.0000 0.0000 0.3030 0.3028 

O2 0.0000 0.0000 0.1515 0.1514 

H2SO4 0.1401 0.1403 0.0757 0.0757 

Composition 

Current study 
Ahangar et al. 

[19] 
Current study 

Ahangar et al. 

[19] 

Mole fraction of 

Stream 3 

Mole fraction of 

Stream 402 

Mole fraction 

of Stream 10 

Mole fraction 

of Stream 407 

HI 0.0000 0.0000 0.0000 0.0000 

H2O 0.0000 0.0000 1 1 

I2 0.0000 0.0000 0.0000 0.0000 

CO 0.0000 0.0000 0.0000 0.0000 

CO2 0.0000 0.0000 0.0000 0.0000 

ZnO 0.35 0.35 0.0000 0.0000 

ZnI2 0.65 0.65 0.0000 0.0000 
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Table 8. Comparison of utility used in the ZnSI thermochemical basic process in this study with reference 

[19] 

Utilities 
In this paper 

(Base cycle) 
Ahangar et al. [19] 

Zn (Cold utility) 1,171.12 1,171.00 

Zn (Hot utility) 1,250.93 1,251.00 
   

HI (Cold utility) 935.63 936.00 

HI (Hot utility) 62.00 62.00 
   

H₂SO₄ (Cold utility) 0.00 0.00 

H₂SO₄ (Hot utility) 736.92 737.00 
   

Bunsen (Cold utility) 2,561.38 2,563.00 

Bunsen (Hot utility) 1,302.66 1,302.00 

 

 

Table 9. Validation of the main characteristics of the CO2 power cycle in this study with reference [42] 

Stream 

Temperature (ºC) Pressure (kPa) 

Present study 

(Base cycle) 
Baak et al. Relative error (%) 

Present study 

(Base cycle) 
Baak et al. Relative error (%) 

N3 358.1 356.3 0.5026 25,381 25,381 0 

N4 782.3 781.7 0.0767 25,000 25,000 0 

N5 1189.0 1189.0 0 24,500 24,500 0 

N6 816.1 815.9 0.0245 2,386 2,386 0 

Parameter 
Present study 

(Base cycle) 
Baak et al. Relative error (%) 

Mass flow of the working fluid (kg/s) 49.41 49.41 0 

Thermodynamic efficiency (%) 62.74 62.9 -0.2552 
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Table 10. Equations used for exergy analysis of the equipment in the hybrid system [34, 51, 52] 

 

 

 

 

 

 

 

 

Equipment Exergy Destruction Exergy efficiency 

Heat exchangers Χ̇𝑑𝑒𝑠 = ∑(�̇�𝑥)𝑖𝑛 − ∑(�̇�𝑥)𝑜𝑢𝑡 𝜂𝑒𝑥 = 1 −  (
∑ �̇�∆𝑥

∑ �̇�∆ℎ
)

ℎ𝑜𝑡

+ (
∑ �̇�∆𝑥

∑ �̇�∆ℎ
)

𝑐𝑜𝑙𝑑

 

Pumps Χ̇𝑑𝑒𝑠 = �̇� + ∑(�̇�𝑥)𝑖𝑛 − ∑(�̇�𝑥)𝑜𝑢𝑡 𝜂𝑒𝑥 =
∑(�̇�𝑥)𝑖𝑛 − ∑(�̇�𝑥)𝑜𝑢𝑡

�̇�
 

Turbine Χ̇𝑑𝑒𝑠 = −�̇� + ∑(�̇�𝑥)𝑖𝑛 − ∑(�̇�𝑥)𝑜𝑢𝑡 𝜂𝑒𝑥 =
�̇�

∑(�̇�𝑥)𝑖𝑛 − ∑(�̇�𝑥)𝑜𝑢𝑡
 

Reactors 

Χ̇𝑑𝑒𝑠 = ∑(�̇�𝑥)𝑖𝑛 + QEx − ∑(�̇�𝑥)𝑜𝑢𝑡 

QxE  :Rate of inlet exergy by heat transfer to each 

component 

𝜂𝑒𝑥 =
∑(�̇�𝑥)𝑜𝑢𝑡

QEx + ∑(�̇�𝑥)𝑖𝑛

 

Flash drums   Χ̇𝑑𝑒𝑠 = ∑(�̇�𝑥)𝑖𝑛 − ∑(�̇�𝑥)𝑜𝑢𝑡 𝜂𝑒𝑥 =
∑(�̇�𝑥)𝑜𝑢𝑡

∑(�̇�𝑥)𝑖𝑛
 

Column Χ̇𝑑𝑒𝑠 = ∑(�̇�𝑥)𝑖𝑛 − ∑(�̇�𝑥)𝑜𝑢𝑡 

𝑊𝑚𝑖𝑛 = ∑ 𝑛𝑏 − ∑ 𝑛𝑏

𝑖𝑛 𝑡𝑜 𝑠𝑡𝑟𝑒𝑎𝑚𝑂𝑢𝑡 𝑜𝑓 𝑠𝑡𝑟𝑒𝑎𝑚

 

𝑏 = ℎ − 𝑇0s 

𝐿𝑊 = 𝑇0∆𝑆irr , LW: Lost work 

𝜂𝑒𝑥 =
𝑊𝑚𝑖𝑛

𝑊𝑚𝑖𝑛 + 𝐿𝑊
 

Compressors Χ̇𝑑𝑒𝑠 = �̇� + ∑(�̇�𝑥)𝑖𝑛 − ∑(�̇�𝑥)𝑜𝑢𝑡 𝜂𝑒𝑥 =
∑(�̇�𝑥)𝑖𝑛 − ∑(�̇�𝑥)𝑜𝑢𝑡

�̇�
 

Expansion valve Χ̇𝑑𝑒𝑠 = ∑(�̇�𝑥)𝑖𝑛 − ∑(�̇�𝑥)𝑜𝑢𝑡 

𝜂𝑒𝑥 =
𝑥𝑜𝑢𝑡

∆𝑇 − 𝑥𝑖𝑛
∆𝑇

𝑥𝑜𝑢𝑡
∆𝑃 − 𝑥𝑖𝑛

∆𝑃
 

ηex =
eo

∆T − ei
∆T

ei
∆p

− eo
∆p

 

e∆T = ∫
T−T0
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Collectors 
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𝜂𝑒𝑥 =
∑(�̇�. 𝑒)𝑜  

∑(�̇�. 𝑒)𝑖
 

Cycle/ Process Χ̇𝑑𝑒𝑠 = ∑(�̇�𝑥)𝑖𝑛 − ∑(�̇�𝑥)𝑜𝑢𝑡 𝜂𝑒𝑥 = 1 −  
𝑇𝑜𝑡𝑎𝑙 𝑖𝑟𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦

𝐸𝑥𝑒𝑟𝑔𝑦 𝑖𝑛𝑝𝑢𝑡 
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Table 11. Exergy analysis results of equipment used in the integrated structure 

Components �̇�𝐅𝐮𝐞𝐥 (kW) �̇�𝐏𝐫𝐨𝐝 (kW) �̇�𝐃𝐞𝐬(kW) Efficiency 

HX1 27,693.26 27,441.63 251.63 0.9859 

HX2 138,842.46 137,085.48 1,756.98 0.8443 

HX3 131,237.93 118,851.00 12,386.93 0.9056 

HX4 56,320.63 40,368.00 15,952.63 0.7791 

HX5 600,246.73 600,118.74 127.99 0.9207 

HX6 104,801.62 103,213.29 1,588.34 0.9548 

HX7 595,916.93 595,871.10 45.83 0.8985 

HX8 3,110,097.09 3,105,802.17 4,294.92 0.9484 

HX9 3,158,047.44 3,157,557.43 490.01 0.9981 

HX10 641,142.22 636,792.44 4,349.78 0.9754 

HX11 208,541.46 208,195.92 345.54 0.9480 

HX12 403,419.35 402,538.37 880.98 0.9966 

HX13 2,859,604.96 2,800,864.17 58,740.79 0.5116 

HX14 2,735,507.36 2,721,509.40 23,997.96 0.8709 

HX15 219,248.51 214,002.68 5,245.83 0.8097 

HX16 24,548.16 24,436.87 111.29 0.9073 

HX17 108,294.57 108,270.62 23.95 0.9727 

HX18 547,622.99 546,747.83 875.16 0.9293 

HX19 420,559.62 420,237.94 321.68 0.9538 

HX20 4,938,118.12 4,936,008.30 2,109.81 0.9719 

HX21 5,223,857.80 5,219,840.87 4,016.93 0.9674 

HX22 19,781.49 19,730.50 50.99 0.9971 

HX23 36,391.45 35,811.47 579.98 0.9809 

HX24 26,826.07 24,805.46 2,020.60 0.8169 

HX25 36,869.14 36,843.60 25.54 0.9962 

HX26 29,095.79 29,057.07 38.73 0.9854 

HX27 20,905.73 20,714.66 191.06 0.9614 

HX28 25,316.93 25,258.43 58.50 0.9050 

HX29 25,906.97 25,854.34 52.63 0.9160 

HX30 73,048.72 72,919.61 129.12 0.9419 

HX31 5,407,713.52 5,402,887.44 4,826.08 1.0051 

HX32 1,621,998.50 1,605,124.38 16,874.12 0.9628 

HX33 9,295,032.79 9,289,427.30 5,605.49 0.7774 

HX34 4,683,933.95 4,756,296.11 9,005.01 0.8893 

HX35 4,881,656.56 4,877,266.18 4,390.38 0.9428 

HX36 9,429,486.21 9,429,058.71 427.50 0.6616 

HX37 9,428,222.99 9,426,806.27 1,416.71 0.9894 

HX38 114,735.63 109,175.73 5,559.90 0.8370 

HX39 85,055.62 60,355.40 24,700.22 0.6341 

T1 20,686.41 20,270.19 416.22 0.9340 
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T2 16,157.19 15,639.84 517.35 0.8526 

T3 12,077.52 11,842.87 234.66 0.8779 

C1 116,647.11 116,554.17 92.95 0.8385 

C2 15,551.66 15,494.03 57.62 0.9411 

C3 419,526.38 419,072.44 453.94 0.8297 

C4 419,783.58 414,200.17 775.93 0.8610 

C5 7,905.00 7,852.36 52.64 0.8760 

C6 5,035.73 4,934.90 100.83 0.9260 

C7 7,588.59 7,538.05 50.54 0.8721 

C8 4,141.07 3,921.83 219.24 0.9271 

P1 2,566,026.92 2,564,982.18 1,044.74 0.1108 

P2 2,561,923.52 2,561,872.86 50.65 0.6160 

P3 2,661,989.06 2,661,984.93 4.13 0.6492 

P4 8,158.25 8,060.54 97.71 0.7838 

P5 617,145.74 617,083.48 62.26 0.8500 

R101 66,180.09 63,589.36 2,590.73 0.9609 

R102 24,680.66 18,748.37 5,932.29 0.7596 

R103 219,222.21 218,512.64 709.56 0.9968 

R104 95,773.44 90,507.40 5,266.04 0.9450 

R105 209,909.08 190,361.70 19,547.38 0.9069 

R106 194,939.22 141,068.86 53,870.36 0.5185 

R107 143,330.00 142,150.00 1,180.00 0.9817 

R108 511,331.39 485,338.51 25,992.88 0.9296 

R109 171,070.00 142,150.00 28,925.00 0.9321 

T100 3,041,321.99 3,005,991.76 65,330.23 0.9785 

T101 2,713,402.86 2,700,010.36 13,392.50 0.9864 

T102 2,862,198.07 2,855,624.95 6,573.12 0.9977 

V1 2,418,618.85 2,417,416.17 1,202.67 0.5617 

V2 204,279.51 198,764.15 5,515.37 0.7617 

V3 24,919.02 24,308.83 610.19 0.6247 

V4 594,354.69 594,119.46 235.23 0.7214 

V5 13,666.71 13,496.00 170.71 0.6958 

V6 8,499.81 8,375.49 124.32 0.6817 

V7 13,054.14 13,047.78 6.36 0.7580 

Collectors 12,593,000 12,475,000 118,090 0.8086 

Cycle 1,047,800 464,550 583,210 0.4434 
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